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SUMMARY 

A study i s  presented on the  e f f e c t  of LEM landing radar e r r o r s  and a 
sloping lunar t e r r a i n  on terminal conditions of t h e  LEM powered descent, 
and on var ia t ions  i n  t h e  guidance commands. Only Phase I1 f l i g h t  (from 
hi-gate  t o  lo-gate)  i s  invest igated.  This study ind ica tes  that landing 
radar e r r o r s  of f5% or f 2  deg sloping lunar  t e r r a i n  can be accommodated 
by the guidance equations. 

INTRODUCTION 

The LEM powered descent i s  divided i n t o  three  phases ( s e e  f igure  1): 
an i n i t i a l  braking phase (Phase I) ;  a f i n a l  approach phase (Phase 11); and 
the  landing phase (Phase 111). Phases I and I1 of t h e  LEM powered descent 
a r e  guided by a s e t  of equations which a r e  reported i n  reference 1. 
landing approach f l i g h t  i s  a constant t h r u s t  and constant a t t i t u d e  
t r a j e c t o r y  designed t o  alluw adequate f u e l  economy, p i l o t  control,  and p i l o t  
v i s i b i l i t y  of the landing area, as presented i n  reference 2.  The i n i t i a l  
and f i n a l  conditions and the  t i m e  of f l i g h t  of Phase I1 a r e  predetermined 
t o  y i e l d  t h e  constant t h r u s t  and constant a t t i t u d e  phase of f l i g h t .  However, 
i f  the  LEM landing radar should be i n  error ,  or the  lunar t e r r a i n  not be 
f l a t ,  then the  constancy of the  t h r u s t  and a t t i t u d e  would be destroyed. 
A landing radar e r r o r  would correspond t o  a change i n  the i n i t i a l  conditions, 
and a sloping t e r r a i n  would correspond t o  an e r ror  i n  t h e  present posi t ion.  
It i s  t h e  purpose of t h i s  paper t o  invest igate  t h e  e f f e c t  of LEM landing 
radar e r r o r s  and a sloping lunar t e r r a i n  on terminal conditions of the  LEN 
powered descent and on var ia t ions  i n  t h e  guidance commands. 

The 

SCOPE OF C A L C m T I O N S  

The study presented i n  this paper was conducted with t h e  l i n e a r  
accelerat ion guidance equations ( s e e  reference 1) with no reca lcu la t ion  
of the  nominal time-to-go. Alt i tude and ve loc i ty  radar e r r o r s  of 25% t o  
-5% were considered. Since only Phase I1 f l i g h t  w a s  investigated,  t h e  
a l t i t u d e  weighting f a c t o r  f o r  the radar update of the IMU w a s  assumed t o  
be 1.0. That i s ,  the  radar a l t i t u d e  information w a s  assumed t o  be correct .  
The veloci ty  weighting f a c t o r  w a s  assumed t o  vary l i n e a r l y  between 0.0 a t  
5,000 f t  a l t i t u d e  t o  1 .0  a t  3,000 f t  a l t i t u d e .  Several cases were considered 
f o r  a sawtooth veloci ty  radar er ror  which var ied l i n e a r l y  over d i f f e r e n t  t i m e  
i n t e r v a l s  from +5$ t o  -5%. This radar e r r o r  may not be r e a l i s t i c ,  but i s  
included as a severe case t h a t  should produce t h e  g r e a t e s t  guidance command 
var ia t ions .  Lunar t e r r a i n  slopes of +2 deg t o  -2 deg were considered which 
had a maximum t e r r a i n  var ia t ion  both i n i t i a l l y  and terminally.  
w a s  a t e r r a i n  var ia t ion,  the  landing radar accuracy w a s  assumed t o  be 100%. 

When there  
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RESULTS AND DISCUSSION 

Effect  on Terminal Conditions 

To ascer ta in  t h e  e f f e c t s  due only t o  the landing radar er rors ,  a f l a t  
lunar t e r r a i n  was assumed when radar e r r o r s  were used. A time h is tory  of 
the  nominal t r a j e c t o r y  used for the  invest igat ion i s  presented i n  f igure  2. 
The e r rors  i n  t h e  terminal a l t i t u d e  and velocity,  neglecting dynamic 
e f f e c t s ,  should be the  same percentage of t h e  f i n a l  a l t i t u d e  and ve loc i ty  
as t h e  corresponding percentage radar e r ror .  This means that a t  TOO f e e t  
a l t i t u d e  with 62 fps  veloci ty  and a k54 radar er ror  f o r  both variables,  
e r rors  of +35 f t  f o r  a l t i t u d e ,  and about +3 f p s  f o r  ve loc i ty  would be 
expected. Because of var ia t ions  i n  the  guidance commands and the  coupling 
of the a l t i t u d e  and ve loc i ty  radar er rors ,  t h e  maximum e r r o r  f o r  the 
terminal a l t i t u d e  w a s  about i 5 O  f t  and f o r  the terminal veloci ty  w a s  about 
+5 fps .  The e f fec t  on d e l t a  v r e q u k e d  w a s  found t o  be the inverse of t h e  
ve loc i ty  error ;  i .e . ,  i f  t h e  terminal ve loc i ty  i s  5 fps high, then the  
d e l t a  v would be 5 f p s  low. 

To obtain the  e f f e c t s  due t o  a t e r r a i n  var ia t ion,  a sloping lunar 
t e r r a i n  of +2 deg t o  -2 deg was used. The pos i t ive  and negative slopes 
were both used with a high and low i n i t i a l  and f i n a l  a l t i t u d e  as shown i n  
f igure  3 ( a ) ,  ( b ) ,  ( c )  and ( d )  . The var ia t ions  i n  the  terminal ve loc i ty  
and the  d e l t a  v required were negl igible ,  but t h e  terminal a l t i t u d e  e r r o r  
w a s  a maximum of about k3O f t .  Figure 3 shows an a l t i t u d e  vs range p r o f i l e  
f o r  the  2 deg cases, both pos i t ive  and negative slopes.  Even when t h e r e  
w a s  a high or l o w  terminal a l t i t u d e  the  guidance equations guided t o  a f i n a l  
a l t i t u d e  of about TOO f t .  

Effect  of R a d a r  Errors on Guidance Commands 

R a d a r  Al t i tude  Errors.-  Variations i n  the guidance commands a r e  presented 
i n  f i g u r e  4 ( a )  and ( b )  f o r  a l t i t u d e  radar er rors  of +54. 
var ia t ions  ( r e l a t i v e  t o  the  l o c a l  v e r t i c a l )  a r e  shown i n  f igure  4(a)  t o  be 
l e s s  than +2 deg and f igure  4 ( b )  shows t h a t  the  t h r u s t  l e v e l  does not vary 
over k200 l b s .  

Pi tch angle 

& i s  the percentage a l t i t u d e  radar accuracy. 

Varying Radar Velocity Error.- 
guidance var ia t ions  f o r  a sawtooth ve loc i ty  radar error ,  where V ERR 
percentage veloci ty  radar accuracy. 
which the  ve loc i ty  radar was var ied throughout the  Phase I1 f l i g h t .  
l a r g e s t  var ia t ion  of the  p i t c h  angle ( f i g u r e  5(a)) w a s  about 6 deg and 
f o r  the  t h r u s t  l e v e l  ( f i g u r e  5(b) )  w a s  about TOO l b s .  
t r a j e c t o r y  has a look angle 10 deg above the  lower window l i m i t ,  t h i s  may 

Shown i n  f igure  5(a) and ( b )  a r e  the  

Figure 5(c)  presents the manner i n  

i s  the  

The 

Since the  nominal 

I 
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allow only 4 deg visibility instead of the desirable 10 deg. 
thrust level increases to about 6000 lbs which is approaching the 60% 
limit of 6300 lbs. 

Also, the 

Combined Radar Altitude and Velocity Errors.- Variations of the 
guidance commands for combined constant radar errors in both the altitude 
and velocity information are presented in figure 6(a) and (b). 
variations at the maximum are about 3 deg for the pitch angle and about 
700 lbs for the thrust level, which is approaching the throttle limit of 
60% as stated in the preceding paragraph. 

These 

Effect of Sloping Terrain on Guidance Commands 

The guidance command variations for the four trajectories, a, b, c, 
and d, are presented in figure 7(a) and (b). Trajectories (e) and (d) 
which had a low and high initial altitude, respectively, are analogous 
to about a 10% initial altitude radar error which decreased to 0% error 
at termination. 
about 3' and the thrust level varied by about 300 lbs. 

The maximum pitch angle variation (see figure 7(a)) was 
( See figure 7( b) ) . 

These variations are expected to be within the operational constraints 
of the LEM powered descent. Therefore, this brief investigation indicates 
that landing radar errors of +5% or a 2-deg sloping lunar terrain can be 
accommodated by the guidance equations used for this study. Even though 
these equations are not the same as the current LEM descent guidance 
equations the results would be applicable. This is because the major 
difference is the recalculation of the time-to-go each integration step, 
and this calculation is based on a calculated jerk, the desired terminal 
jerk, and the derivative of the final jerk. 
function of position and velocity, but the variation of the time-to-go 
due to this jerk would be negligible. 

The calculated jerk is a 

CONCLUDING RENARKS 

A study was presented of the effect of LEM landing radar errors 
and a sloping lunar terrain on terminal conditions of the LEM powered 
descent and on variations in the guidance commands. Only Phase I1 flight 
(from hi-gate to lo-gate) was investigated. 
landing radar errors of +5$ or a +2-deg sloping lunar terrain can be 
accommodated by the guidance equations, 

This study indicated that 
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( a )  Posi t ive slope - high terminal a l t i t u d e  

E = 2 deg. 

I LUNAR TERRAIN -\ \ 
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(b) Negative slope - low termihal a l t i t u d e  

Figure 3.-  Al t i tude  YS. range p r o f i l e s  fo r  a 2-deg sloping lunar t e r r a i n .  
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Figure 3 (concluded). 
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Figure 4.- Time h i s t o r i e g  of guidance commands fo r  
altitude r am errur 



(a) Pitch Angle 
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(c) Profiles of Sawtooth Velocity 
Radar Accuracies 

Figure 5.- Time histories of guidance command and the profiles 
for sawtooth velocity radar errors. 
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Figure 6.- Time histories of guidance commands for combinations 
of' constant Velocity and altitude radar errors 
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